Self diffusion coefficients of oxygen in PLZT ceramics were evaluated to estimate the vacancy structure by the oxygen-18 isotope exchange reaction and the iso tope analysis by the secondary ion mass spectroscopy (SIMS). In the piezoelectric composition of PLZT (10/ 50/50), the oxygen vacancy concentration was estimat ed as about one ppm/mol by means of oxygen diffusion measurements and it did not change by doping impuri ties except for manganese. It was considered that point defects existed at all sites of the perovskite struc ture of PLZT. On the other hand, the oxygen vacancy concentration increased to 100ppm/mol for man ganese doped samples, and the reason was considered that manganese ions were reduced during sintering and that the oxygen vacancies were created to compen sate the charge imbalance. In the transparent PLZT (9/ 65/35), the oxygen vacancy was ten times as much as that in PLZT (10/50/50). The increase in oxygen vacan cy was ascribed to volatilization of lead or variation of solubility of lanthanum in B site. All samples showed extraordinary oxygen diffusion at high temperatures near the surface, which was ascribed to the volatiliza tion of PbO.
1. Introduction Pb (Zr, Ti)O3 (PZT) ceramic is widely used as piezoelectric material and various dopants are a plied to control its properties.1) Especially lantha num doped (Pb, La) (Zr, Ti)O3 (PLZT) has been a plied not only for piezoelectric use, but also for elec tro-optic devices since Haertling and Land eve loped transparent ceramic y hot pressing and reported the effects of applied electric field on its light scattering and double refraction.2) These elec tro-optic and piezoelectric properties are affected y its composition, impurity and processing.
3) It has been considered that these factors are related to the lattice defect structure of PLZT, and there have been many reports concerning to this field. However, only cation defects have been focused in almost all of those reports, and the general defect structure including the oxygen sublattice defect has been rarely discussed.4), 5) The authors have been studied the fabrications, es pecially sintering process of transparent PLZT, 6) and impurity effects on the properties of PLZT for piezoelectric application.7) It is well known that the sintering process of ceramics has been connected directly with diffusion. On the other hand, as concern ing to the impurity effect, there is an interesting fact that manganese doping decreases the mechanical vibration loss of PLZT. The authors estimated that such improvement in vibration loss is affected by the variation of the defect structure and the valence state of manganese ions.8) In this paper, oxygen sub lattice structure was focused to make basic compre hension of those phenomena.
The self diffusion coefficient of oxygen is almost proportional to the amount of the lattice oxygen efects,9) so it is very useful to measure oxygen diffu sion to evaluate the oxygen vacancy. The effects of composition, impurity and processing on the oxygen defect structure are discussed here.
Experimental 2.1 Sample preparations
The composition of PLZT for piezoelectric use was estimated as PLZT (10/50/50) and aluminum, iron, magnesium and manganese were doped to study impurity effects. The detailed compositions are listed in Table 1 .
The composition of PLZT for electro-optic use was estimated as (9/65/35) and the samples were prepared y two processes: one was synthesized by dry method (powder calcination) and hot pressed (abbreviated H. P. hereafter) , and the other was syn thesized by wet method (co-precipitation) and sin tered in air (abbreviated N. S. hereafter). 3.2 The depth profile of the oxygen isotope and the evaluation of diffusion coefficients Figure 3 shows the typical cases of the depth profiles of oxygen-18 isotope. Figure 3 As far as the samples doped with manganese more than 0.1%, the oxygen-18 concentration at the sur f ace was rather smaller than those of the other sam ples ( Fig. 3 (b) ). Several mechanisms are possible to explain this, but following equation which includes the effect of the exchange reaction at the surface is applied here:11) (2) where h=ƒ¿/D and ƒ¿ is exchange reaction coefficient. 
where v is velocity of boundary migration. As shown in Fig. 3 (c), the measured values agreed with the cal culation at near surface.
Oxygen diffusion coefficients
The oxygen diffusion coefficients of PLZT (10/50/ 50) based samples showed almost the same level, as shown in Fig. 4 , except for samples doped with man ganese more than 0.1%. The temperature depen dence of the diffusion coefficients for these samples is expressed by the Arrhenius relationship noted as follows. (10) Holman reported that three phases were observed in PLZT as volatilizing PbO by Knudsen cell meas urement: PLZT with excess PbO (abbreviated as PbO-rich composition), single phase of PLZT and PLZT with deficient PbO. He estimated that lantha num substitutes only A site and that the defect struc ture takes Eq. (7) form, i.e. the charge is compensat ed both by A and B site vacancies by the X-ray analy sis. He also reported that single phase of PLZT is kept even if some part of PbO is volatilized, then the charge is compensated both by A site and oxygen vacancies, as expressed in Eq. (11) . (11) In pure PLZT (10/50/50), the defect structure is thought to be PbO-rich composition because the oxy gen diffusion coefficient is independent of various dopants except for manganese. According to Eq. (7), the oxygen vacancy should not e generated, then the oxygen diffusion should be related only to the in trinsic oxygen vacancies, and then the activation energy should include the enthalpy change cor responding to both the formation and migration of oxygen vacancy. Then oxygen vacancies should be generated y Schottky equilibrium. However, our result of the activation energy is about 150kJ, and it is too small to consider as including the energy to make oxygen vacancies since activation change is about 450kJ in the perovskite structure, according to Shirasaki et al.14) On the other hand, Oazaki pointed out the pos sibility that a little part of lanthanum substitute the B site when lanthanum is doped more than z=0.008. And such explanation is reasonable because extrin sic oxygen vacancy will not exist when all of lantha num ions substitute the A site.
The models which include oxygen vacancy are Eqs. (3) and (9), but the possibility for both equa tions are denied in Holman's paper: Eq. (3) can be applied to nudsen cell measurements but con tradict X-ray analysis, and Eq. (9) contradict weight change analysis. Hence, the defect structure should not be expressed by single equation listed above.
The above discussions suggest a complex defect structure between Eqs. (7) and (9) , that means Schottky type vacancies in A, B and oxygen sites, and it does not contradict X-ray analysis because lan thanum concentration in B site is thought in a ppm order, as discussed later.
The generation mechanism of oxygen vacancy is expressed as follows. (12 As shown in Fig.  6 , the diffusion coefficients of manganese doped samples varied into following three phases by manganese concentration. Below 100ppm, the diffusion coefficient showed the same value as pure PLZT (10/50/50) . Between 100ppm and 2%, the diffusion coefficient increased propor tionally with manganese content, i.e. the amount of oxygen vacancy was proportional to manganese. The samples doped with manganese at 2% and 6 showed about the same diffusion coefficients, and the reason is considered to be due to the solubility limit of manganese into PLZT. The authors previously reported that some part of manganese ion is reduced to divalent state during sin tering, and the Mn2+ concentration increases as rais ing sintering temperature from the results of ESR and magnetic susceptibility measurements.8) However, the existence of divalent ions does not al ways generate oxygen vacancy as like as magnesium (Fig. 4) . When the stabilized ion like magnesium and aluminum is substituted, the charge is thought to be compensated by cation site vacancies since the oxygen diffusion coefficient showed the same value as pure PLZT (10/50/50). Hence, the generation of oxygen vacancy is ascribed to the reduction of man ganese, expressed as follows: (14) where the initial valence state of manganese ion is as sumed as trivalent.
The reason for generation of oxygen vacancy in manganese doped samples is explained as follows. In itially, when the crystal is formed, Mn3+ dissolves into the lattice and the charge is compensated by ca tion sites vacancies. But when it is sintered at higher temperature, Mn3+ is reduced and another charge compensation is necessary: it is considered that the generation of oxygen vacancy is easier than cation vacancies because in a stable perovskite, oxygen vacancy is easier to move. For iron, the valence state is thought to be not varied at high temperature be cause oxygen diffusion coefficient was the same level as pure PLZT.
Because the valence state of manganese ion is vari able, the defect structure should be a metastable state, and it is revealed as the isotope concentration at the surface, which is smaller than gas phase. The same depth profile is obtained when low oxygen diffu sion layer is appeared near the surface and then the depth profile can be calculated using double layer model.11) The relationship is shown in Fig. 8 , where the surface concentration is normalized as 100%. Solid line indicates the calculated depth profile of double layer model, which agrees with the values cal culated by Eq. (3) (closed circles) at deep position. The layer with low oxygen diffusion is considered to be generated during annealing at low temperature, where the Mn2+ ions are oxidized to Mn3+, resulting in a decrease of oxygen vacancy near the surface. From the ESR result, it is considered that about seven percents of total manganese is reduced to diva lent state.7) Assuming that the solubility limit of man ganese into PLZT is about two percents, the concen tration of Mn2+ becomes 1400ppm. Also assuming that all of the oxygen vacancies given in Eq. (14) are generated, the oxygen vacancy concentration in the sample becomes 700ppm. Therefore, the oxygen vacancy concentration of low diffusion samples are about 1ppm, but it should e noticed that such value is the upper limit. 
4.
Effects of PbO volatilization and the diffu sion coefficient of transparent PLZT Holman reported that perovskite structure of PLZT is stable even if three percents of total PbO is volatilized. As introduced earlier, he reported that when PbO is volatilized, the charge is compensated both by A site and oxygen vacancies, as expressed by Eq. (11) . Then, the oxygen diffusion coefficient is expected to increase. Actually, as shown in Fig. 3 (c) , oxygen-18 is detected in a deeper part in the sample annealed at 1273L than 973K. The discrepancy be tween observed and calculated values are ascribed to the fast diffusion through pores.
The diffusion coefficient of the transparent PLZT (9/65/35) is evaluated as about 101.5 times as large as that of PLZT (10/50/50). The reason can e considered in two ways. One is the volatilization of PbO in PLZT (9/65/35) is easier to occur, then the diffusion coefficient is expected to be proportional to the amount of deficient PbO. The other is that the solubility of lanthanum in the B site is subject to change with Zr/Ti ratio, and it is possible because the unit volume of PZT changes with Zr/Ti ratio.17) So the unit volume of PLZT (9/65/35) is considered to be larger than that of PLZT (10/50/50) and the more La substitute the B site in PLZT (9/65/35) comparing to PLZT (10/50/50). Anyway, it is neces sary that about 20ppm of La substitute the B site to realize those hypotheses.
It is difficult to judge which consideration is proper for PLZT (9/65/35) because it needs quan titative analysis of whold lead volume with the ac curacy of five digits, or detection of 20ppm of lantha num in B site. Therefore we should only conclude that 10ppm order of oxygen vacancy exists in trans parent PLZT.
Conclusion
The oxygen vacancy concentration of PLZT is evaluated by the measurement of oxygen diffusion coefficients. In the PbO-rich composition of PLZT (10/50/50), the oxygen vacancy concentra tion is considered to e about 1ppm. The reasonable vacancy structure for that sample is; Schottky type point defects exist in all of the site of perovskite structure.
For PLZT (10/50/50) doped with manganese more than 100ppm/mol, the amount of the oxygen vacancies increased with manganese concentration, and it was ascribed to the charge compensation effect due to the reduction of Mn ions during sinter ing.
On the other hand, for transparent PLZT (9/65/ 35), about ten ppm of oxygen vacancy is thought to exist. It is considered to e derived from the volatili zation of lead or variation of solubility of lanthanum in B site. For all samples annealed at high tempera ture, abnormal fast oxygen diffusion near the surface due to PbO volatilization was observed.
